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SUMMARY:  25 
We describe an in vivo immunization, translational hepatitis model in BALB/c mice that can be 26 
utilized to study the pathogenesis of drug-induced autoimmune hepatitis including sex 27 
differences seen in this disease. We will describe how this model demonstrates reproducible 28 
analyses using in vivo and in vitro experimental techniques.  29 
 30 
ABSTRACT:  31 
Drug-induced autoimmune hepatitis (DIH) is the most common hepatic drug-induced 32 
hypersensitization process observed in approximately 9 to 12% of patients with autoimmune 33 
hepatitis. The overwhelming majority of patients with DIH are women. The underlying 34 
mechanisms of these sex differences in prevalence are unclear because of the paucity of animal 35 
models that mimic human disease. Even so, underlying mechanisms are widely believed to be 36 
associated with human leukocyte antigen haplotypes and sex hormones. In contrast, using a DIH 37 
mouse model, we have uncovered that IL-4 initiates CD4+ T cells directed against an epitope of 38 
cytochrome P450 2E1 induces influx of neutrophils, macrophages and mast cells into the livers 39 
of female BALB/c mice. Using this model, we have also shown that IL-33-induced 40 
FoxP3+regulatory T cells confer protection against DIH in female and male mice. This DIH model 41 
is induced by immunizing mice with an epitope of CYP2E1 that has been covalently altered with 42 
a drug metabolite that has been associated with DIH. This epitope is recognized by patients with 43 
DIH. Our method induces robust and reproducible hepatitis and autoantibodies that can be 44 
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utilized to study the pathogenesis of DIH. While in vivo studies can cause undue pain and distress 45 
in mice when done improperly, the advantage of an in vivo model is the ability to evaluate the 46 
pathogenesis of disease in a large number of mice. Additionally, biological effects of the altered 47 
liver proteins can be studied using invasive procedures. The addition of in vitro studies to the 48 
experimental design allows rapid repetition and mechanistic analysis at a cellular level. Thus, we 49 
will demonstrate our model protocol and how it can be utilized to study in vivo and in vitro 50 
mechanisms of DIH. 51 
 52 
INTRODUCTION:  53 
The purpose of this method is to describe a mouse model of drug-induced autoimmune hepatitis 54 
that develops in vivo and demonstrate how it can be utilized to investigate the molecular, 55 
immunologic and genetic basis of this disease. The long-term objective of our studies is to 56 
uncover mechanisms responsible for the development of chronic liver inflammation and injury 57 
by studying DIH in susceptible patients. Liver disease and cirrhosis constitute the sixth most 58 
common cause of death in adults between the ages of 25 and 64. Idiosyncratic DILI, sometimes 59 
referred to as drug-induced autoimmune hepatitis (DIH) is the third most common cause of acute 60 
liver failure in the United States. DIH is the most common hepatic drug-induced 61 
hypersensitization process observed in approximately 9 to 12% of patients with autoimmune 62 
hepatitis1. The overwhelming majority of patients with DIH are women2-4. A type of DIH develops 63 
in susceptible individuals following administration of halogenated volatile anesthetics such as 64 
isoflurane, sevoflurane, desflurane or halothane. These anesthetics covalently binds to 65 
alternative liver proteins with reactive products of their metabolism, thus creating novel 66 
autoantigens capable of eliciting allergic or autoimmune responses5.  67 
 68 
The study of pathogenic mechanisms involved in the development of anesthetic and any form of 69 
DIH has been previously hampered by the lack of an animal model that closely mimics the 70 
induction of human disease. We have developed an experimental murine model of DIH with 71 
features resembling immune-mediated DILI in patients. Hepatitis is induced by immunization 72 
with one of two autoantigens that have been covalently modified by the trifluoroacetyl chloride 73 
(TFA) metabolite that is formed following oxidative metabolism of the anesthetic by the enzyme 74 
cytochrome P450 2E1 (CYP2E1)5. One autoantigen is the hepatic cytosolic S100 liver fraction, 75 
which is a mixture of several proteins6, and the second autoantigen is an epitope of CYP2E1 that 76 
is recognized by sera from patients with anesthetic immune-mediated DILI7. By using BALB/c 77 
mice, which are relatively resistant to experimental autoimmune hepatitis, we distinguish our 78 
model from the S100-induced immunization model of autoimmune hepatitis in C57Bl/6J mice8.  79 
 80 
Because of its diverse clinical presentations, DIH is difficult to study in patients. Translational 81 
experimental models offer the ability to evaluate the pathogenesis of disease in vivo and in vitro. 82 
At present, there are no other alternative methods for inducing DIH that fully examine in vivo or 83 
in vitro adaptive or innate immune responses without the use of animals. Moreover, since 84 
trifluoroacetylation of S-100 or the CYP2E1 epitope does not appear to produce an irritating 85 
immunogen, and we are inducing DIH by immunization with TFA-altered proteins, these animals 86 
will not receive ether, any halogenated anesthetic, barbiturate or alcohol prior to immunization 87 
or other procedures, considering that these agents may alter the parameters we are studying. 88 



   

 
 

Even so, we have decreased our mouse usage by utilizing computer simulation to confirm the 89 
binding preferences of our discovered CYP2E1 epitope9 and have mirrored human DIH 90 
implicating female sex by demonstrating that female BALB/c mice develop a more severe DIH10. 91 
 92 
In spite of diverse presentations of DIH in patients and challenges in the study of clinical disease, 93 
post-translational modification of native proteins by reactive drug metabolites is an accepted key 94 
mechanism in the pathogenesis DIH that follows halogenated anesthetics11. Investigators also 95 
accept that CYP2E1 is a major autoantigen in this process12,13. The role of interleukin (IL)-4–96 
upregulated CD4+T cells that recognize a post-translationally modified CYP2E1 and other liver 97 
proteins is an accepted initiator of anesthetic DIH by attracting neutrophils, eosinophils and mast 98 
cells into the liver 14, and this mechanism has been confirmed in many forms of DIH 15,16. Induced 99 
FoxP3-expressing CD4+CD25+T cells (Tregs) reduce the severity of DIH, and relative deficiencies 100 
of these cells in the spleen worsen DIH 10,7. Thus, the majority of advances in understanding DIH 101 
have been made possible by utilizing in vivo mouse models to evaluate the genetic, metabolic 102 
and immunologic mechanisms of DIH both in vivo and in vitro.  103 
 104 
Because we and other investigators have uncovered roles for IL-4, neutrophils, and eosinophils 105 
in the initiation of DIH using different mouse models, we believe that this observation supports 106 
our contention that regardless of the DIH model utilized, hepatitis and injury are induced by IL-107 
4. The strength of our protocol lies in the utilization of in vivo methodology, both male and female 108 
mice, and repetition of histology, CD4+ T cell proliferation assays and cytokines. The strength of 109 
our use of in vitro studies is that they reduce the numbers of mice needed while providing the 110 
methodology to isolate cellular interactions that drive DIH. We recommend the use of male and 111 
female mice because this reduces the possibility of unconscious bias in interpretation of results 112 
and strengthens the translation potential of our studies since the incidence, prevalence, and 113 
severity of DIH is higher in women17. We recommend that mice are obtained from a single 114 
vendor; however, if this is not possible, obtain litter mate controls or wild-type mice from the 115 
same vendor as the genetically altered mice.  116 
 117 
PROTOCOL:  118 
All procedures were approved by the animal care and use committee. 119 
 120 
1. Trifluoroacetylation of hepatic S-100 cytosolic proteins or a CYP2E1 epitope.  121 
 122 
NOTE: First, prepare the trifluoroacetylated S100 (TFA-S100) and trifluoroacetylated CYP2E1 123 
epitope (TFA-JHDN5). Because syngeneic S100 proteins are needed for immunizations, and 124 
BALB/c mice are required to produce the immunogen. The preparation yields a large amount of 125 
immunogen; so, anticipate performing this portion around four times a year. An identical method 126 
will be used to make the TFA-JHDN5. The CYP2E1 epitope (JHDN5), GII/ FNN/ GPT/ WKD/ IRR/ 127 
FSL/ TTL, can be sequenced or purchased. 128 
 129 
1.1. Isolation of the S100 fraction of the liver.  130 
 131 
1.1.1. Following sedation of 5–10 BALB/c mice with 40-60 mg/kg ketamine mixed with 4-6 132 



   

 
 

mg/kg xylazine, confirm proper depth of anesthetization by observing a reduction in muscle tone 133 
and response to painful stimuli, in addition to the loss of righting reflexes, and the loss of 134 
palpebral reflexes. Then, kill the 6 -8 week-old mice by cervical dislocation. 135 
 136 
1.1.2. Using microsurgical scissors, expose the intra-abdominal contents using a midline incision 137 
and make a small cut in the inferior vena cava to remove the blood.  138 
 139 
1.1.3. Place a 24-gauge angiocatheter into the portal vein and perfuse the liver 10 mL/min with 140 
40 mL of phosphate buffered saline (PBS) pH 7.4 in a water bath at 4 °C. Remove and weigh the 141 
pooled livers and cut it into small pieces (10 – 15 mm). 142 
 143 
1.1.4. Add 4 times the weight of sucrose (250 mM) -TRIS (10 mM)- EDTA (1 mM) homogenization 144 
buffer (pH 7.4) supplemented with Complete Protease inhibitor Cocktail tablets (see Table of 145 
Materials) as per manufacturers recommendations. Homogenize in a 15 mL polypropylene tube, 146 
using a general laboratory tissue homogenizer on medium speed on ice until smooth. 147 
Homogenize on ice to prevent the tissue from becoming warm during homogenization.  148 
 149 
1.1.5. Centrifuge the liver homogenates at 1500 x g for 10 min and then pour off the 150 
supernatant. Centrifuge the supernatant for 1 h at 100,000 x g. Snap freeze the supernatant and 151 
store at -80 °C. The supernatant is cytosolic S-100. 152 
 153 
1.2. Trifluoroacetylation of S100 and JHDN5 154 
 155 
NOTE: Trifluoroacetylation of the ε-amino groups of lysine residues of S-100 will be performed 156 
according to the procedure of Satoh18. All portions of this experiment with the exception of the 157 
latter days of dialysis are performed in the fume hood. 158 
 159 
1.2.1. Determine the total protein concentration of the cytosolic S-100 using the bicinchoninic 160 
acid assay (BCA assay)7. Dilute 20 mg of BALB/c mouse S100 or JHDN5 to 10 mL with dH2O in a 161 
50 mL Erlenmeyer flask. Adjust the pH to 10 with 1N KOH. 162 
 163 
1.2.2. Add 4.7 mmole of S-ehyltrifluorothioacetate (S-ETFA), to the solution. Maintain the pH 164 
between 9.9 – 10.0 with 1N KOH by administering KOH in droplet fashion for approximately 1 h. 165 
Record total volume of KOH for each reaction. 166 
 167 
1.2.3. Transfer the solutions into separate dialysis cassettes (Do not overfill). Dialyze the 168 
cassettes for 72 h against 4 L of dH2O with three changes per day. After dialysis, record the final 169 
volume of TFA-S100 or TFA-JHDN5 and then aliquot into labeled tubes. Snap freeze and store at 170 
–80 °C.  171 
 172 
1.2.4. An estimated concentration is determined by dividing the initial amount of S100 or JHDN5 173 
(in mg) by the final volume following dialysis (mL). To determine the percent modification of the 174 
native protein19, dilute 1.0 mg of each native and TFA-altered protein (if the final concentration 175 
is greater than 1.0 mg) to 1.0 mL with dH2O in separate bullet tubes and prepare a blank using 176 



   

 
 

1.0 mL dH2O. If the concentration of the TFA-altered protein is less than 1.0 mg, do not dilute.  177 
  178 
1.2.4.1. To separate wells of a 96 well plate, add 50 µL of the blank, native and altered proteins. 179 
Add 50 µL of 4% NaHCO3 followed by 50 µL of 0.1% 2,4,6-trinitrobenzene sulfonic acid to each 180 
well.  181 
 182 
1.2.4.2. Incubate the plate at 40 °C for 2 h. Following the incubation, add 50 µL of 10 % SDS to 183 
each well followed by 25 µL of 1N HCl.  184 
  185 
1.2.4.3. Read at OD of 334 nm and then record absorbance of each compound from 200 – 600 186 
nm in order to confirm the characteristic drop in absorbance at 334 nm. Calculate the percent 187 
modification of lysine residues by TFA, using the following formula:  188 
   189 
  1 - OD of modified proteins x 100 190 
    OD of native proteins 191 
 192 
2. Immunization of mice to induce hepatitis. 193 
 194 
NOTE: DIH is modeled in BALB/c mice by immunizations with liver cytosolic proteins that have 195 
been covalently altered by trifluoracetyl chloride (TFA), a model drug-metabolite, TFA-S1006 or 196 
an epitope of CYP2E1 covalently altered by TFA (ref), TFA-JHDN5 that induces hepatitis, 197 
autoreactive T cells, and CYP2E1 autoantibodies. Mice exhibit a splenic activation phase 2 weeks 198 
after the initial immunization and a hepatic phase by 3 weeks that is characterized by granulocytic 199 
inflammation. Female BALB/c mice are more susceptible than males to hepatitis in this model. 200 
 201 
2.1. On day 0, immunize 6–8 week-old BALB/c mice subcutaneously at the base of the neck 202 
with 200 μg of TFA-S100 or 100 µg of TFA-JHDN5 emulsified in equal volumes of complete 203 
Freund’s adjuvant (CFA). On day 0, immunize the mice with 50 ng of pertussis toxin, 204 
intramuscularly in the hind leg. On day 7, immunize the mice subcutaneously at the base of the 205 
tail with either 200 μg of TFA-S100 or 100 µg of TFA-JHDN5 emulsified in equal volumes of CFA 206 
to ensure that each mouse receives two injections of the same immunogen. 207 
 208 
2.2. Determination of CD4+ T cell immune responses to whole self-proteins, epitopes of self-209 
proteins or the TFA hapten using flow cytometry 210 
 211 
2.2.1. Following sedation of mice with 40-60 mg/kg ketamine mixed with 4-6 mg/kg xylazine, 212 
confirm the proper depth of anesthesia as described in step 1.1.1 and then identify the spleen 213 
after exposing the intra-abdominal cavity using microsurgical scissors. Cut the spleen at the 214 
pedicle and place in a Petri dish with PBS/2% fetal calf serum (FCS). 215 
 216 
2.2.2. Release the cells using frosted glass slides and transfer to a 50 mL conical polypropylene 217 
tube. Wash with PBS/2% FCS by bringing the volume up to 50 mL and centrifuging at 335 x g using 218 
a benchtop refrigerated centrifuge. Pour off the supernatant and repeat this step. 219 
 220 



   

 
 

2.2.3. Remove red cells using 1 mL of ACK Lysing buffer for 1 min and bring volume up to 50 mL 221 
with PBS/2% FCS. Centrifuge at 335 x g and pour off the supernatant. 222 
 223 
2.2.4. Count the cells. Label the cells with CFSE for 30 min on ice in the dark, as per 224 
manufacturer’s instructions. Suspend single cell suspensions into 6 well plates of 3x106 cells/mL 225 
per well in PBS/2% FCS.  226 
 227 
2.2.5. Stimulate labeled cells with either CYP2E1, JHDN5, or TFA-OVA (10 µg/mL) for 72 h at 37 228 
°C in 5% CO2, 95% air (humidified). After incubation, stain the cells with CD4-APC (1:100) for 30 229 
min on ice and analyze by flow cytometry within 3 days. 230 
   231 
2.2.6. Utilize the following gating strategy to identify CD4+CFSE+ cells: CD4+CFSE+ cells will be 232 
identified from the gated alive cells and displayed as histograms of proliferating cells. 233 
 234 
2.3. Isolation of infiltrating immune cells from immunized mice.  235 
 236 
2.3.1. To isolate infiltrating immune cells in the livers on day 14 or day 21, anesthetize the mice 237 
by intraperitoneal injection with 40-60 mg/kg ketamine mixed with 4-6 mg/kg xylazine and 238 
confirm the proper depth of anesthesia as described in step 1.1.1. After laparotomy using a 239 
midline incision made with micro surgical scissors as described in 1.1.2, cannulate the portal vein 240 
with a 25 gauge needle and then cut the inferior vena cava below the renal veins. 241 
 242 
2.3.2. Perfuse each liver with at a flow rate of 10 mL/min with 40 mL of PBS in a water bath 37 243 
°C. After perfusion, using micro surgical scissors, cut the liver at the hepatic pedicle, remove the 244 
gall bladder and then cut the liver at the hilum. 245 
 246 
2.3.3. Disrupt the liver on a mesh stainless steel sieve using a 20 mL sterile syringe pestle and 247 
cold PBS. Filter the resulting cell suspension into 50 mL pre-sterilized centrifuge tubes using a 300 248 
mesh screen. Bring each suspension to 50 mL using cold PBS and then wash the suspension by 249 
centrifugation for 10 min at 370 x g. 250 
 251 
2.3.4. Discard the supernatant and then pool each pellet by treatment into new 50 mL tubes 252 
(One tube per mouse is recommended; however, if samples are pooled, 2-4 pellets/tube is 253 
recommended). Suspend the pooled pellets in 45 mL Percoll 35% (in PBS), and 100 IU/mL heparin. 254 
 255 
2.3.5. Spin each tube at 500 x g for 10 min at 20 °C. Discard the supernatant and suspend the 256 
pellet in 5 mL of PBS and then add 1 mL of ACK lysing buffer to each pellet for 10 min on ice. 257 
 258 
2.3.6. Bring each tube to 50 mL with PBS and wash by centrifugation for 10 min at 370 x g. 259 
Discard the supernatant and then wash the cells with PBS/2% FCS by centrifugation for 10 min at 260 
370 x g. Count the cells. 261 
 262 
2.3.7. Analysis of cell type using flow cytometry 263 

 264 



   

 
 

NOTE: Here is an example of how induced Foxp3+Tregs can be detected.  265 
 266 
2.3.7.1. Incubate 1x106 cells with FcR blocking reagent and stain with 1:100 dilutions of CD4-FITC, 267 
CD25-PE, and CD45-PerCP for 30 min on ice. Next, stain the cells intracellularly with FoxP3-APC. 268 
 269 
2.3.7.2. Fix the cells with 250 µL of fixation buffer (see Table of Materials), and store at 4 °C until 270 
analysis by flow cytometry within 3 days.  271 
 272 
2.3.7.3. The following gating strategy is recommended in order to detect induced Foxp3+Tregs in 273 
single cell suspensions from liver, spleen or lymph nodes using flow cytometry: Identify live cells 274 
using Live/Dead Fixable Aqua Dead Cell stain kit. Next, gate on liver cells that are CD45+ (PerCP, 275 
clone RA3-6B2), and gate CD4+ cells (FITC, cloneGK1.5) from the CD45+ gate. From the CD4+ cells, 276 
identify the percentages of CD25+(PE, clone 7D4) and FoxP3+ (MAPC, clone 3G3) cells.  277 
 278 
2.4. Histological analysis of liver tissues for hepatitis 279 
 280 
2.4.1. On day 21, fix the liver sections (5 µm thick) in 10% neutral buffered formalin and stain 281 
with Hematoxylin &Eosin. 282 
 283 
2.4.2. Determine histology scores first at low power (40X) in an average of 2 views and confirm 284 
at 64X. Score the tissue sections as follows: Grade 0=no inflammation or necrosis; Grade 1= minor 285 
lobular inflammation with no necrosis; Grade 2= lobular inflammation involving <50% of the 286 
section; Grade 3=lobular inflammation involving ≥ 50% of the section; and Grade 4=inflammation 287 
with necrosis. 288 
 289 
2.5. Determination of tissue cytokine levels in spleens and livers.  290 
 291 
2.5.1. On day 14 or day 21, homogenize the liver or spleen samples (1 g) from each mouse in 1 292 
mL of RPMI/2% FCS until smooth using a general laboratory homogenizer on medium setting. 293 
Keep the sample cold on ice. 294 
 295 
2.5.2. Centrifuge the homogenate for 15 min at 1455 x g at 4 °C using a refrigerated desktop 296 
centrifuge. Snap freeze the supernatant and store at -80 °C until ready for use. Cytokine and 297 
chemokine levels can be measured with commercial ELISA kits, as per kit instructions. 298 
Standardize the levels of cytokines by converting the levels (in mL or µL) to pg/g of tissue. 299 
 300 
2.6. Detection of serum antibodies to CYP2E1, the CYP2E1 epitope JHDN5 and the TFA drug 301 
metabolite.  302 
 303 
2.6.1. On days 14 or 21, sedate the mice with 40-60 mg/kg ketamine mixed with 4-6 mg/kg 304 
xylazine. Confirm the proper depth of anesthesia as described in step 1.1.1. Collect blood using 305 
intracardiac puncture.  306 
 307 
2.6.2. Once blood is collected, allow it to clot at room temperature. Centrifuge the blood 308 



   

 
 

samples at 295 x g for 20 min at room temperature. Carefully remove the sera, aliquot the sera 309 
and snap freeze at -20 °C.  310 
 311 
2.6.3. Apply 100 µL of CYP2E1, JHDN5, or TFA-ovalbumin (OVA) test antigens (5 µg/mL in PBS) 312 
to 96 well plates for at least 18 h at 4 °C overnight. The next day, wash the plates with wash buffer 313 
(PBS/2%FCS), 2 cycles (4 washes each).  314 
 315 
2.6.4. Apply 100 µL of mouse sera (1:100) in PBS/2% FCS in triplicate on the plates and incubate 316 
at room temperature for 2 h. After 2 h, wash the plates with wash buffer as described in step 317 
2.6.2. 318 
 319 
2.6.5. Add 100 µL of Alkaline phosphatase (AKP)-goat anti-mouse IgG, AKP-rat anti-mouse IgG1, 320 
or AKP-rat anti-mouse IgG2a secondary antibodies (1:1000) for 2 h followed by a wash step of 1 321 
cycle with wash buffer and 1 cycle with PBS. Detect the antibodies using an AKP substrate kit and 322 
measure at OD 405 nm every 15 min with a spectrophotometer. TFA usually develops completely 323 
in 15 min while CYP2E1 and the CYP2E1 epitope can develop from 30 to 60 min7. 324 
 325 
2.7. Studies of the development of JHDN5 IgG-induced oxidative stress in vitro.  326 
 327 
2.7.1. Using 12 well plates, incubate 106 terminally differentiated hepatic cells per well on 328 
fibronectin-covered cover slips in 1000 µL of Williams E media supplemented with glutamine and 329 
general supplement (see Table of Materials) at 37 °C, 5% CO2, 95% humidity for 7 days as 330 
recommended to maximize CYP2E1 activity. 331 
 332 
2.7.2. Add JHDN5 IgG (1:40) or mouse IgG (1:1000) to separate wells and incubate for 2 h at 37 333 
°C, 5% CO2, 95% humidity. Hybridoma sera was very dilute. Add deep red fluorescent antibody 334 
detector (see Table of Materials) for an additional 30 min to all wells. 335 
 336 
2.7.3. Wash the wells 3x with 1 mL of PBS in the dark. Fix the cells in 3.7% formaldehyde for 10 337 
min. Examine by confocal microscopy within 24 h. 338 
 339 
2.8. Co-localization studies of JHDN5 IgG with intracellular organelles such as mitochondria 340 
in vitro.  341 
 342 
2.8.1. To demonstrate co-localization of JHDN5 IgG with mitochondria, sparsely culture (~30% 343 
confluence) terminally differentiated hepatic cells on fibronectin-covered cover slips for 7 days 344 
in dye–free Williams’s media E supplemented as described in step 2.7. 345 
 346 
2.8.2. After determining the correct absorption wavelengths, add green fluorescent, 488 nm -347 
conjugated mouse IgG or JHDN-5 (1:100) and Red fluorescent, 594-conjugated Mito-tracker Red 348 
(1:100) for 2 h (37 °C), 5% CO2, 95% humidity. 349 
 350 
2.8.3. Mount labeled fibronectin-covered cover slips with Anti-fade Reagent with DAPI, and 351 
examine by confocal microscopy. 352 



   

 
 

 353 
3. General protocol notes 354 
 355 
3.1. Utilize non-pharmaceutical grade tools when compounds are not available in a clinical use 356 
formulation. However, obtain each of these tools from reliable commercial suppliers identified 357 
in this method. Always use chemicals that conform to specifications defined by the Committee 358 
on Analytical Reagents of the American Chemical Society of at least the reagent grade level. For 359 
our methods, utilize analytical grade level reagents whenever possible. 360 
 361 
3.2. Follow strict aseptic technique for the formulation of the TFA-altered proteins in order to 362 
prevent contamination that could adversely affect animal welfare or the interpretation of data.   363 
 364 
3.3. Store and use non-pharmaceutical grade formulations at durations for which the 365 
formulation will remain potent, as per available technical information. Store CFA at room 366 
temperature, CYP2E1 and its epitopes at -20 or -80 °C. Store TFA-altered proteins at -80 °C and 367 
allowed to come to 4 °C prior to emulsification with CFA. Store TFA altered proteins at -80 °C and 368 
store in aliquots in order to prevent repeat freeze-thaw cycles.  369 
   370 
REPRESENTATIVE RESULTS:  371 
The immunization schedule utilized to induce DIH shown in Figure 1 represents the two 372 
immunizations required at the base of the neck (day 0) and the base of the tail (day 7). Figure 2 373 
shows representative proliferation data obtained on day 14 using CFSE in response to CYP2E1, 374 
JHDN5, the CYP2E1 epitope and the trifluoroacetyl (TFA) metabolite of the anesthetics. Figure 3 375 
shows the gating strategy and representative flow cytometry analysis of induced 376 
CD4+CD25+FoxP3+ Tregs obtained on day 14. Figure 4 shows representative hematoxylin and 377 
eosin stained slides demonstrating the evolution of hepatitis on day 21 6. Figure 5 shows 378 
representative hematoxylin and eosin stained slides demonstrating more severe hepatitis in 379 
female BALB/c mice when compared to males on day 21 in addition to the comparative cellular 380 
content in these livers10. Figure 6 shows representative confocal microscopy slides 381 
demonstrating the absence of co-localization of mouse IgG with mitochondria. Figure 7 shows 382 
representative confocal microscopy demonstrating co-localization of JHDN5 IgG with 383 
mitochondria.  384 
 385 
FIGURE AND TABLE LEGENDS:  386 
Figure 1: Immunization of mice to induce hepatitis. DIH can be induced in female BALB/c mice 387 
(as an example) by immunization with TFA-JHDN5 (100 µg) emulsified in complete Freund’s 388 
adjuvant (CFA) subcutaneously (s.c.) at the base of the neck and 50 ng of pertussis toxin 389 
intramuscularly (i.m.) in the hind leg on day 0 (Step 1). On day 7, BALB/c mice can then be 390 
immunized with TFA-JHDN5 (100µg) emulsified in CFA (s.c.) at the bae of the tail. 391 
 392 
Figure 2: Determination of CD4+ T cell immune responses to whole self-proteins, epitopes of 393 
self-proteins or the TFA hapten using flow cytometry. Single cell suspensions of splenocytes 394 
from 6 – 8 week-old BALB/c mice isolated day 14 after the initial immunization, labeled with CFSE, 395 
stimulated with TFA-OVA, CYP2E1 or JHDN5 (10 µg/mL) for 72 h at 37 °C in 5% CO2, 95% air 396 



   

 
 

(humidified), stained with CD4-APC and analyzed by flow cytometry. Wells without antigen 397 
(media) are used as controls. BALB/c mice develop proliferation in response to OVA-TFA and 398 
CYP2E1 and not JHDN5, when compared to media.  399 
 400 
Figure 3: Gating strategy for the identification of CD4+CD25+FoxP3+ induced Tregs using the 401 
method described in 2.3.7. The first gate identifies live cells. To detect immune cells, CD45+ cells 402 
are initially gated. Next, CD4+ T cells are identified and gated, followed by identification of 403 
CD25+FoxP3+ cells within the CD4+ T cell population. 404 
 405 
Figure 4: Histological analysis of liver tissues for hepatitis. CFA-immunized mice (top panel) are 406 
used as vehicle controls. S100-immunized mice (middle panel) are evaluated following 407 
immunizations on the same schedule. On day 21, mice are euthanized, and the liver fixed in 408 
formalin. Sections 5 μm thick can be made and stained with hematoxylin and eosin (H&E). 409 
Minimal hepatic inflammation (blue cells) is demonstrated following CFA (top) and S100 (middle) 410 
immunizations and large amounts of inflammation following immunizations with TFA-S100. 411 
(H&E, magnification 64X). This figure is used with permission6. 412 
 413 
Figure 5: Female BALB/c mice develop more DIH when compared to male BALB/c mice. (A) 414 
Female mice (n = 8) had significantly more severe hepatitis 3 weeks after TFA-S100/CFA 415 
immunizations than did males (n = 7/group). (B) Representative liver sections from female and 416 
male mice (H&E, magnification 64X). (C) Numbers of hepatic CD4+, CD8+, NK+, and NKT+ cells 417 
were significantly higher in females than in males. Mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 418 
This figure is used with permission10. 419 
 420 
Figure 6: Mouse IgG does not co-localize with mitochondria. Confocal image of terminally 421 
differentiated hepatic cells stained with green fluorescent (488nm) -labeled mouse IgG (1:100) 422 
(green) in addition to red fluorescent (594)–-labeled Mitotracker Red (1:100). Green fluorescent 423 
(488nm)–labeled Mouse IgG does not co-localize with Mitotracker Red (63X magnification). 424 
 425 
Figure 7: JHDN5 IgG co-localizes with mitochondria. Confocal image of terminally differentiated 426 
hepatic progenitor cells stained with green fluorescent (488)–- labeled JHDN-5 IgG (1:100) in 427 
addition to red fluorescent (594)–-labeled Mitotracker Red (1:100). Green fluorescent (488nm)–428 
labeled JHDN-5 IgG co-localizes with Mito-tracker Red, demonstrated by the yellow hue on the 429 
representative image (63X Magnification). 430 
 431 
DISCUSSION:  432 
The strength of this protocol rests in its reproducibility; so, it is critical to adhere to the suggested 433 
steps. Formulation of the immunogen can be a barrier for some; however, we have reproduced 434 
our model using the epitope described in our document, which removes the need to isolate the 435 
S100 fraction of the liver. It is likely that additional epitopes or proteins can be altered and induce 436 
hepatitis following immunizations; however, we describe those proteins that we have used with 437 
reliable results. Several proteins have been demonstrated to be trifluoroacetylated upon 438 
halogenated anesthetic exposure. Most likely due to epitope spreading, some of these proteins 439 
are also target of autoantibodies in their native, non-trifluoroacetylated state. As an example, 440 



   

 
 

the E2 subunit of the pyruvate dehydrogenase complex (PDH-E2) carries epitopes (the lipoic acid 441 
prosthetic group) with a structural similarity to the TFA-moiety in TFA-adducts. Antibodies 442 
generated in patients with halothane hepatitis have been demonstrated to be cross-reactive to 443 
TFA-proteins and PDH-E2 20,21. 444 
 445 
Our DIH model requires two immunizations that are emulsified in CFA along the back of the mice. 446 
We know that footpad injections with CFA have been associated with pain and distress in the 447 
mouse. Hence, the development of the experimental DIH model included several experimental 448 
trials. When we evaluated the model using one immunization using CFA, with the second 449 
immunization using incomplete Freund’s adjuvant (IFA) or IFA in both injections with our 450 
immunogen, hepatic inflammation did not develop. In sharp contrast, when we immunized the 451 
mice with the immunogen using two immunizations with CFA, significant hepatic inflammation 452 
was present. The original description of another model of autoimmune hepatitis included studies 453 
similar to ours and required two immunizations with CFA in order to demonstrate significant 454 
hepatic inflammation8. Even so, we continuously re-evaluate adjuvants using literature searches 455 
to attempt to optimize inflammation without CFA. As an example, there is a well-known adjuvant 456 
Titer Max that would augment B cell responses; however, although antibodies are a component 457 
of DIH, we and others have demonstrated a critical role for T cell responses in our model14.  458 
 459 
The development of reliable models facilitates the investigations of the pathogenesis of DIH. We 460 
demonstrate that liver histology and immune cells can be reliably evaluated at various stages in 461 
this model. We demonstrate identification of antigen-specific T cells, serum antibodies and tissue 462 
cytokines that can be utilized to study the development of DIH. We demonstrate the methods 463 
for isolating cells from the inflamed liver and suggest the use of heparin. However, we have 464 
performed this technique without heparin and the results were indistinguishable. Additionally, 465 
current methods of tissue disruption may also release cells from the liver. 466 
 467 
Recently, we have utilized modern tools such next gen sequencing and quantitative PCR and have 468 
experienced reproducible results. We have published results regarding DIH using IL-4, IL-4 469 
receptor, IL-6, IL-6 receptor IL-33 and ST2 deficient mice that were all derived on a BALB/c 470 
background so that we can utilize the BALB/c mouse as our control mouse. Future applications 471 
of this model of DIH will include development of knock in mice in addition to the utilization of 472 
CRISPR technology in order uncover previously unrecognized mechanisms responsible for the 473 
pathogenesis of DIH. 474 
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Biologicals 180
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Pierce™ Protease Inhibitor Mini 

Tablets, EDTA Free
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Potassium Hydroxide JT Baker 3140-01
S-ethyltrifluorothioacetate (S-

ETFA)

Millipore 

Sigma 177474
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regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Dear Dr. Wu, 

 

We have made the revisions as requested by the Editor.  We have used track changes in the 

document.  We have also included a clean document for review.   

Responses to Editor’s Comments 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. 
 
2. Please only highlight protocol steps (not the figure legends or notes) for filming. 
 
Response:  This has been done. 
 
3. Please use h, min, s for time units. 
 
Response:  This has been done. 
 
4. Please mention how proper anesthetization is confirmed. 
 
Response:  The proper depth of anesthetization following administration of ketamine/xylazine 
is determined clinically by reduction in muscle tone and response to painful stimuli in addition 
to the loss of the righting reflex, and the loss of palpebral reflexes. 
 
5. Step 1.1.3: What's the size of small pieces? 
 
Response:  The small pieces are around 10 – 15 mm. This has been added to the revised 
document. 
 
6. 2.2.6: Please write this step in the imperative tense. 
 
Response:  This has been done. 
 
7. 2.4.1: Please write this step in the imperative tense. 
 
Response: This has been done. 
 
8. 2.6.1: Please write this step in the imperative tense. 
 
Response:  This has been done. 
 
9. 3.1: Please write this step in the imperative tense. 
 
Response:  This has been done.  

Rebuttal Letter Click here to access/download;Rebuttal Letter;Responses to
Editor.docx

https://www.editorialmanager.com/jove/download.aspx?id=958953&guid=a8b58538-a3f7-4fa6-abde-ca696b8a4b19&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=958953&guid=a8b58538-a3f7-4fa6-abde-ca696b8a4b19&scheme=1


 
10. 3.2: Please write this step in the imperative tense. 
 
Response:  This has been done. 
11. 3.3: Please write this step in the imperative tense. 
 
Response:  This has been done. 
 
12. Please ensure that the references appear as the following: 
Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – 
LastPage, (YEAR). 
For more than 6 authors, list only the first author then et al. 
 
Response:  This has been done. 
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���������� ��	
��
��������������
������


������������������	
����������������
 ��!��� "��

#$%&'()*+,�+-#*.(#/0�-.*/.#-1-.+�-+#23245+*$'6�#/.�6*/'-�+*-('�%'-%'(.+6�/.&7*-'-�/+�/.&�+(1-2�8'-%'(.+6�6*$509�.$+�:-�/99-9�+$�$'-.*/.#-9�(.�/.&�7/&�(.�$'9-'�+$�/%%-/'�1$'-�0(;-,�$'�+$�65:6+(+5+-�<$',�+*-�<(./0�=-'6($.6�$</'+(#0-6�*$7-=-'�/5+*$'6�#/.�5%9/+-�+*-('�%'-%'(.+6�$.�/'>(=�$'�?-8@#�7(+*�+*-('�4##-%+-945+*$'�A/.56#'(%+�B6--�:-0$732C<�/##-%+-9�<$'�%5:0(#/+($.,�7-�-.#$5'/)-�/5+*$'6�+$�0(.;�<'$1�+*-�%'-%'(.+�+$�+*-('�<$'1/0%5:0(#/+($.�=(/�(+6�DEC2�A(00($.6�$<�'-6-/'#*-'6�*/=-�/##-66�+$�+*-�<$'1/0�%5:0(#/+($.6�$.F#(-.#-D('-#+,�/.9�6$�0(.;6�7(00�*-0%�56-'6�+$�<(.9,�/##-66,�#(+-�/.9�56-�+*-�:-6+�/=/(0/:0-=-'6($.2�80-/6-�.$+-�+*/+�G-00�8'-66,�H*-�I/.#-+�/.9�6$1-�6$#(-+&J$7.-9�*/=-�9(<<-'-.+%'-%'(.+�%$0(#(-62�C.<$'1/+($.�$.�+*-6-�%$0(#(-6�(6�/=/(0/:0-�$.�+*-�K$5'./0�*$1-%/)-2LMMNOPNQ�LRPSTU�VWXRYMUZOPY[�4.�/##-%+-9�/5+*$'�1/.56#'(%+�(6�+*-�1/.56#'(%+�$<�/./'+(#0-�+*/+�*/6�:--.�/##-%+-9�<$'�%5:0(#/+($.�/.9�7*(#*�+&%(#/00&�(.#059-6�/5+*$'J(.#$'%$'/+-9�#*/.)-6�65))-6+-9�95'(.)�65:1(66($.,�%--'�'-=(-7�/.9�-9(+$'J/5+*$'#$115.(#/+($.6245+*$'6�#/.�6*/'-�+*-('�/##-%+-9�/5+*$'�1/.56#'(%+\(11-9(/+-0&=(/�+*-('�.$.J#$11-'#(/0�%-'6$.�*$1-%/)-�$'�:0$):&�5%9/+(.)�/�%'-%'(.+�(.�/'>(=�$'�?-8@#�7(+*�+*-�/##-%+-9�1/.56#'(%+=(/�+*-('�'-6-/'#*�(.6+(+5+-�$'�(.6+(+5+($./0�'-%$6(+$'&�<$'�(.+-'./0�(.6+(+5+($./056-6�$'�/6�%/'+�$<�/.�(.=(+/+($.J$.0&�'-6-/'#*�#$00/:$'/+($.�7$';J)'$5%9('-#+0&�:&�%'$=(9(.)�#$%(-6�+$�+*-('�6+59-.+6�$'�+$�'-6-/'#*�#$00/:$'/+$'6�<$'+*-('�%-'6$./0�56-<$'�%'(=/+-�6#*$0/'0&�6*/'(.)�/6�%/'+�$<�/.�(.=(+/+($.J$.0&�7$';�)'$5%�$.#$11-'#(/0�6(+-6�7(+*�7*(#*�@06-=(-'�*/6�/.�/)'--1-.+4<+-'�+*-�-1:/')$�%-'($9=(/�.$.J#$11-'#(/0�*$6+(.)�%0/+<$'16�65#*�/6�+*-('�(.6+(+5+($./0�'-%$6(+$'&=(/�#$11-'#(/0�6(+-6�7(+*�7*(#*�@06-=(-'�*/6�/.�/)'--1-.+C.�/00�#/6-6�/##-%+-9�1/.56#'(%+6�6*$509\0(.;�+$�+*-�<$'1/0�%5:0(#/+($.�=(/�(+6�DEC:-/'�/�GGJ]̂ J_GJ_D�0(#-.6-�J�+*(6�(6�-/6&�+$�9$(<�/))'-)/+-9�7(+*�$+*-'�1/.56#'(%+6,�<$'�-̀/1%0-�(.�/�'-%$6(+$'&�$'�$+*-'�6(+-,�:-6*/'-9�(.�/0().1-.+�7(+*�$5'�*$6+(.)�%$0(#&�.$+�:-�/99-9�+$�$'�-.*/.#-9�(.�/.&�7/&�+$/%%-/'�1$'-�0(;-,�$'�+$�65:6+(+5+-�<$',�+*-�%5:0(6*-9�K$5'./0�/'+(#0-2aRbcZYSNQ�dTRUXWc�WUPZMcN�efaLg[�4�%5:0(6*-9�K$5'./0�/'+(#0-�B8h43�(6�+*-�9-<(.(+(=-�<(./0'-#$'9�$<�%5:0(6*-9�'-6-/'#*�+*/+�/%%-/'6�$'�7(00�/%%-/'�(.�+*-�K$5'./0�/.9�-1:$9(-6�/00=/05-J/99(.)�%5:0(6*(.)�/#+(=(+(-6�(.#059(.)�%--'�'-=(-7�#$J$'9(./+($.,�#$%&J-9(+(.),<$'1/++(.),�B(<�'-0-=/.+3�%/)(./+($.�/.9�$.0(.-�-.'(#*1-.+2



���������� ��	
��
��������������
������


������������������	
����������������
 ��!��� "��

#$%&'&()�*$+�),-+&./�012%&),&./�3$1+.-%�-+4&'%()�5&**(+�*$+�)12)'+&04&$.�-.5�/$%5�$0(.�-''())-+4&'%()6789:;<=>?=@A�B<?=;CD:E�F*�G$1�-+(�-.�-14,$+H�0%(-)(�),-+(�-�%&.I�4$�G$1+�-+4&'%(�+-4,(+�4,-.�4,(*1%%J4(K4L�M&%%&$.)�$*�+()(-+',(+)�,-N(�-''())�4$�4,(�*$+O-%�012%&'-4&$.)�$.�P'&(.'(Q&+('4H-.5�)$�%&.I)�R&%%�,(%0�G$1+�1)(+)�4$�*&.5H�-''())H�'&4(H�-.5�1)(�4,(�2()4�-N-&%-2%(�N(+)&$.LS,()()�-.5�5&))(+4-4&$.)�R,&',�'$.4-&.�(O2(55(5�#TU)�-)�0-+4�$*�4,(�*$+O-%�)12O&))&$.�'-.2(�0$)4(5�012%&'%G�2G�4,(�-R-+5&./�&.)4&414&$.�R&4,�QVF�%&.I)�2-'I�4$�4,(�*$+O-%012%&'-4&$.)�$.�P'&(.'(Q&+('4LF*�G$1�-+(�-**&%&-4(5�R&4,�-�%&2+-+G�4,-4�)12)'+&2()�4$�P'&(.'(Q&+('4�G$1�,-N(�-55&4&$.-%0+&N-4(�),-+&./�+&/,4)�*$+�$4,(+)W�+()(-+',�-''())(5�1.5(+�4,-4�-/+((O(.4L�S,&)�&.'%15()�1)(*$+�'%-))+$$O�4(-',&./�-.5�&.4(+.-%�4+-&.&./�-4�4,(�&.)4&414&$.�X&.'%15&./�1)(�&.�'$1+)(�0-'I)-.5�'$1+)(R-+(�0+$/+-O)YH�-.5�&.'%1)&$.�$*�4,(�-+4&'%(�*$+�/+-.4�*1.5&./�01+0$)()LZ@C[�\>DA�B;;D::�B<?=;CD:E�M-G�2(�),-+(5�-''$+5&./�4$�4,(�-14,$+J)(%('4(5�(.5J1)(+%&'(.)(�-.5�),$1%5�'$.4-&.�-�]+$))M-+I�%$/$H�4,(�(.5�1)(+�%&'(.)(H�-.5�-�QVF�%&.I�4$�4,(*$+O-%�012%&'-4&$.�$.�P'&(.'(Q&+('4L#%(-)(�+(*(+�4$�̂%)(N&(+W)�0$)4&./�0$%&'G�*$+�*1+4,(+�&.*$+O-4&$.L_̀L�a@<�9@@b�c8?d@<:�4,(�*$%%$R&./�'%-1)()�-+(�-00%&'-2%(�&.�-55&4&$.�4$�4,(�-2$N(6��U14,$+)�-+(�0(+O&44(5�4$�0%-'(�-�2+&(*�)1OO-+G�$*�4,(&+�R$+I�$.%&.(�$.%GL�e$1�-+(�.$4-%%$R(5�4$�5$R.%$-5�-.5�0$)4�4,(�012%&),(5�(%('4+$.&'�N(+)&$.�$*�G$1+�',-04(+H�.$+�O-G�G$1)'-.�4,(�0+&.4(5�(5&4&$.�4$�'+(-4(�-.�(%('4+$.&'�N(+)&$.L�f@:?=Ag�?@�c�<D>@:=?@<hE�U14,$+)�-+(0(+O&44(5�4$�0$)4�-�)1OO-+G�$*�4,(&+�',-04(+�$.%G�&.�4,(&+�&.)4&414&$.W)�+(0$)&4$+GL_iL�jdD:=:kl=::D<?c?=@A6�F*�G$1+�%&'(.)(�&)�*$+�1)(�&.�-�4,()&)m5&))(+4-4&$.�G$1+�4,()&)�O-G�2()12O&44(5�4$�G$1+�&.)4&414&$.�&.�(&4,(+�0+&.4�$+�(%('4+$.&'�*$+OL�P,$1%5�G$1+�4,()&)�2(012%&),(5�'$OO(+'&-%%GH�0%(-)(�+(-00%G�*$+�0(+O&))&$.L�S,()(�+(n1&+(O(.4)�&.'%15(0(+O&))&$.�*$+�4,(�o&2+-+G�-.5�U+',&N()�$*�]-.-5-�4$�)100%G�)&./%(�'$0&()H�$.�5(O-.5H�$*4,(�'$O0%(4(�4,()&)�-.5�&.'%15(�0(+O&))&$.�*$+�#+$n1()4mpMF�4$�)100%G�)&./%(�'$0&()H�$.5(O-.5H�$*�4,(�'$O0%(4(�4,()&)L�P,$1%5�G$1+�4,()&)�2(�012%&),(5�'$OO(+'&-%%GH�0%(-)(+(-00%G�*$+�0(+O&))&$.L�S,()()�-.5�5&))(+4-4&$.)�R,&',�'$.4-&.�(O2(55(5�#TU)�-)�0-+4�$*4,(�*$+O-%�)12O&))&$.�'-.�2(�0$)4(5�012%&'%G�2G�4,(�-R-+5&./�&.)4&414&$.�R&4,�QVF�%&.I)2-'I�4$�4,(�*$+O-%�012%&'-4&$.)�$.�P'&(.'(Q&+('4L�qC:Dr=D<�\>DA�B;;D::�jD<s:�cA[�t@A[=?=@A:e$1�'-.�012%&),�$0(.�-''())�R&4,�̂%)(N&(+�&.�,1.5+(5)�$*�$0(.�-''())�3$1+.-%)�$+�&.�.(-+%Guvvv�()4-2%&),(5�)12)'+&04&$.�3$1+.-%)�4,-4�)100$+4�$0(.�-''())�012%&),&./L�#(+O&44(5�4,&+50-+4G�+(J1)(�$*�4,()(�$0(.�-''())�-+4&'%()�&)�5(*&.(5�2G�4,(�-14,$+W)�',$&'(�$*�]+(-4&N(]$OO$.)�1)(+�%&'(.)(L�P((�$1+�$0(.�-''())�%&'(.)(�0$%&'G�*$+�O$+(�&.*$+O-4&$.LjD<s:�w�t@A[=?=@A:�c>>C=;c9CD�?@�cCC�\>DA�B;;D::�c<?=;CD:�>89C=:dD[�x=?d�qC:Dr=D<EU.G�+(1)(�$*�4,(�-+4&'%(�O1)4�.$4�+(0+()(.4�4,(�-14,$+�-)�(.5$+)&./�4,(�-5-04-4&$.�$*�4,(-+4&'%(�.$+�),$1%5�4,(�-+4&'%(�2(�O$5&*&(5�&.�)1',�-�R-G�-)�4$�5-O-/(�4,(�-14,$+W)�,$.$1+�$++(014-4&$.L�F*�-.G�',-./()�,-N(�2((.�O-5(H�)1',�',-./()�O1)4�2(�'%(-+%G�&.5&'-4(5L



���������� ��	
��
��������������
������


������������������	
����������������
 ��!��� ���

"#$�%&'#()*+,�-&+'�.$�%//)(/)0%'$12�3)$40'$4�%54�6$�%+7�'#%'�2(&�0531&4$�'#$�$54�&+$)103$5+$�%54�%�89:�1057�'(�'#$�;()-%1�/&.103%'0(5�(5�<30$53$80)$3'=:;�%52�/%)'�(;�'#$�-%'$)0%1�'(�.$�&+$4�*;()�$>%-/1$?�;0@&)$+,�#%+�%//$%)$4�05�(&)�/&.103%'0(560'#�3)$40'�()�%375(61$4@$-$5'�'(�%5('#$)�+(&)3$�0'�0+�'#$�)$+/(5+0.010'2�(;�'#$�&+$)�'($5+&)$�'#$0)�)$&+$�3(-/10$+�60'#�'#$�'$)-+�%54�3(540'0(5+�4$'$)-05$4�.2�'#$�)0@#'+�#(14$)=ABBCDCEFGH�IJKLM�N�OEFBCDCEFM�GPPHCQGRHJ�DE�JGQS�OKJGDCTJ�OELLEFM�UMJK�HCQJFMJVOO�WXV�"#$�YYZ[\�103$5+$�%11(6+�&+$)+�'(�3(/2?�'(�3)$%'$�$>')%3'+?�%.+')%3'+�%54�5$66()7+�;)(-�'#$�])'031$?�'(�%1'$)�%54�)$̂0+$�'#$�])'031$�%54�'(�-%7$�3(--$)30%1�&+$�(;�'#$])'031$�*0531&405@�)$&+$�%54_()�)$+%1$�(;�'#$�])'031$�.2�3(--$)30%1�$5'0'0$+,?�/)(̂04$4�'#$&+$)�@0̂$+�%//)(/)0%'$�3)$40'�*60'#�%�1057�'(�'#$�;()-%1�/&.103%'0(5�'#)(&@#�'#$�)$1$̂%5'89:,?�/)(̂04$+�%�1057�'(�'#$�103$5+$?�05403%'$+�0;�3#%5@$+�6$)$�-%4$�%54�'#$�103$5+()�0+�5(')$/)$+$5'$4�%+�$54()+05@�'#$�&+$�-%4$�(;�'#$�6()7=�"#$�;&11�4$'%01+�(;�'#$�103$5+$�%)$%̂%01%.1$�%'�#''/̀__3)$%'0̂$3(--(5+=()@_103$5+$+_.2_a=b=OO�WX�cO�dAV�"#$�YY�[\ZeYZ<]�103$5+$�%11(6+�&+$)+�'(�3(/2?�'(�3)$%'$�$>')%3'+?%.+')%3'+�%54�5$6�6()7+�;)(-�'#$�])'031$?�'(�%1'$)�%54�)$̂0+$�'#$�])'031$?�/)(̂04$4�'#0+�0+�5('4(5$�;()�3(--$)30%1�/&)/(+$+?�%54�'#%'�'#$�&+$)�@0̂$+�%//)(/)0%'$�3)$40'�*60'#�%�1057�'(�'#$;()-%1�/&.103%'0(5�'#)(&@#�'#$�)$1$̂%5'�89:,?�/)(̂04$+�%�1057�'(�'#$�103$5+$?�05403%'$+�0;3#%5@$+�6$)$�-%4$�%54�'#$�103$5+()�0+�5('�)$/)$+$5'$4�%+�$54()+05@�'#$�&+$�-%4$�(;�'#$6()7=�f&)'#$)?�%52�5$6�6()7+�-&+'�.$�-%4$�%̂%01%.1$�(5�'#$�+%-$�3(540'0(5+=�"#$�;&114$'%01+�(;�'#$�103$5+$�%)$�%̂%01%.1$�%'�#''/̀__3)$%'0̂$3(--(5+=()@_103$5+$+_.2Z53Z+%_a=b=OO�WX�cO�cgV�"#$�YY�[\ZeYZe8�103$5+$�%11(6+�&+$)+�'(�3(/2�%54�40+')0.&'$�'#$�])'031$?/)(̂04$4�'#0+�0+�5('�4(5$�;()�3(--$)30%1�/&)/(+$+�%54�;&)'#$)�4($+�5('�/$)-0'�40+')0.&'0(5�(;'#$�])'031$�0;�0'�0+�3#%5@$4�()�$40'$4�05�%52�6%2?�%54�/)(̂04$4�'#$�&+$)�@0̂$+�%//)(/)0%'$3)$40'�*60'#�%�1057�'(�'#$�;()-%1�/&.103%'0(5�'#)(&@#�'#$�)$1$̂%5'�89:,?�/)(̂04$+�%�1057�'(�'#$103$5+$?�%54�'#%'�'#$�103$5+()�0+�5('�)$/)$+$5'$4�%+�$54()+05@�'#$�&+$�-%4$�(;�'#$�6()7=�"#$;&11�4$'%01+�(;�'#$�103$5+$�%)$�%̂%01%.1$�%'�#''/̀__3)$%'0̂$3(--(5+=()@_103$5+$+_.2Z53Z54_a=b=]52�3(--$)30%1�)$&+$�(;�9/$5�]33$++�%)'031$+�/&.10+#$4�60'#�%�YY�[\�eY�<]�()�YY�[\eY�e8�103$5+$�)$h&0)$+�/$)-0++0(5�;)(-�i1+$̂0$)�%54�6011�.$�+&.j$3'�'(�%�;$$=Y(--$)30%1�)$&+$�0531&4$+̀]++(30%'05@�%4̂$)'0+05@�60'#�'#$�;&11�'$>'�(;�'#$�])'031$Y#%)@05@�;$$+�;()�4(3&-$5'�4$10̂$)2�()�%33$++])'031$�%@@)$@%'0(5<2+'$-%'03�40+')0.&'0(5�̂0%�$Z-%01�10+'+�()�+#%)$�.&''(5+k(+'05@�()�105705@�.2�3(--$)30%1�3(-/%50$+�;()�&+$�.2�3&+'(-$)+�(;�'#(+$�3(-/%50$+=�lb=�mDSJK�OEFBCDCEFM̀�̂n=opqrstuvwsx�yqstvzr{y|{r}yv~�{u��t�yvz�v{������������������tv����{rr�uw�t�r�����v{



���������� ��	
��
��������������
������


������������������	
����������������
 ��!��� ���

"#$%&'$()($*&&&+



 

         

TITLE:  1 
Induction of Drug-Induced, Autoimmune Hepatitis in BALB/c Mice for the Study of Its Pathogenic 2 
Mechanisms 3 
 4 
AUTHORS AND AFFILIATIONS:  5 
Dominic Thomas1, Ting Yu Wu1 Merylin Cottagiri1 Maeva Nyandjo1 and Dolores B. Njoku1,2 6 
1Department of Anesthesiology and Critical Care Medicine, Johns Hopkins University, Baltimore, 7 
MD, USA 8 
2Department of Pediatrics and Pathology, Johns Hopkins University, Baltimore, MD, USA 9 
 10 
Corresponding Author: 11 
Dolores B. Njoku 12 
dnjoku@jhmi.edu 13 
 14 
Email Addresses of Co-Authors: 15 
Dominic Thomas (thomas623@marshall.edu)  16 
Ting Yu Wu (wu.tinnie@gmail.com) 17 
Merylin Cottagiri (mcottag1@jhmi.edu) 18 
Maeva Nyandjo (mnyandj1@jhmi.edu)  19 
 20 
KEYWORDS:  21 
hepatitis, drug-induced, immune-mediated, autoimmunity, cytochrome P450 2E1, autoantibody, 22 
mitochondria, oxidative stress, Foxp3+Tregs, sex 23 
 24 
SUMMARY:  25 
We describe an in vivo immunization, translational hepatitis model in BALB/c mice that can be 26 
utilized to study the pathogenesis of drug-induced autoimmune hepatitis that include sex 27 
differences seen in this disease.  We will describe how this model demonstrates reproducible 28 
analyses using in vivo and in vitro experimental techniques.  29 
 30 
ABSTRACT:  31 
Drug-induced autoimmune hepatitis (DIH) is the most common hepatic drug-induced 32 
hypersensitization process observed in approximately 9 to 12% of patients with autoimmune 33 
hepatitis. The overwhelming majority of patients with DIH are women. The underlying 34 
mechanisms of these sex differences in prevalence are unclear because of the paucity of animal 35 
models that mimic human disease.  Even so, underlying mechanisms are widely believed to be 36 
associated with human leukocyte antigen haplotypes and sex hormones. In contrast, using a DIH 37 
mouse model, we have uncovered that IL-4 initiates CD4+ T cells directed against an epitope of 38 
cytochrome P450 2E1 induces influx of neutrophils, macrophages and mast cells into the livers 39 
of female BALB/c mice. Using this model, we have also shown that IL-33-induced 40 
FoxP3+regulatory T cells confer protection against DIH in female and male mice.  This DIH model 41 
is induced by immunizing mice with an epitope of CYP2E1 that has been covalently altered with 42 
a drug metabolite that has been associated with DIH. This epitope is recognized by patients with 43 
DIH. Our method induces robust and reproducible hepatitis and autoantibodies that can be 44 
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utilized to study the pathogenesis of DIH. While in vivo studies can cause undue pain and distress 45 
in mice when done improperly, the advantage of an in vivo model is the ability to evaluate the 46 
pathogenesis of disease in a large number of mice.  Additionally biological effects of the altered 47 
liver proteins can be studied using invasive procedures.  The addition of in vitro studies to the 48 
experimental design allows rapid repetition and mechanistic analysis at a cellular level. Thus, we 49 
will demonstrate our model protocol and how it can be utilized to study in vivo and in vitro 50 
mechanisms of DIH. 51 
 52 
INTRODUCTION:  53 
The purpose of this method is to describe a mouse model of drug-induced autoimmune hepatitis 54 
that develops in vivo and demonstrate how it can be utilized to investigate the molecular, 55 
immunologic and genetic basis of this disease.  The long-term objective of our studies is to 56 
uncover mechanisms responsible for the development of chronic liver inflammation and injury 57 
by studying DIH in susceptible patients. Liver disease and cirrhosis constitute the sixth most 58 
common cause of death in adults between the ages of 25 and 64. Idiosyncratic DILI, sometimes 59 
referred to as drug-induced autoimmune hepatitis (DIH) is the third most common cause of acute 60 
liver failure in the United States. DIH is the most common hepatic drug-induced 61 
hypersensitization process observed in approximately 9 to 12% of patients with autoimmune 62 
hepatitis 1. The overwhelming majority of patients with DIH are women 2, 3, 4. A type of DIH 63 
develops in susceptible individuals following administration of halogenated volatile anesthetics 64 
such as isoflurane, sevoflurane, desflurane or halothane. These anesthetics covalently binds to 65 
and alternative liver proteins with reactive products of their metabolism, thus creating novel 66 
autoantigens capable of eliciting allergic or autoimmune responses 5.  67 
 68 
The study of pathogenic mechanisms involved in the development of anesthetic and any form of 69 
DIH has been previously hampered by the lack of an animal model that closely mimics the 70 
induction of human disease. We have developed an experimental murine model of DIH with 71 
features resembling immune-mediated DILI in patients. Hepatitis is induced by immunization 72 
with  one of two autoantigens that have been covalently modified by the trifluoroacetyl chloride 73 
(TFA)  metabolite that is formed following oxidative metabolism of the anesthetic by the enzyme 74 
cytochrome P450 2E1 (CYP2E1) 5. One autoantigen is the hepatic cytosolic S100 liver fraction, 75 
which is a mixture of several proteins, 6 and the second autoantigen is an epitope of CYP2E1 that 76 
is recognized by sera from patients with anesthetic immune-mediated DILI 7. By using BALB/c 77 
mice, which are relatively resistant to experimental autoimmune hepatitis, we distinguish our 78 
model from the S100-induced immunization model of autoimmune hepatitis in C57Bl/6J mice 8.   79 
 80 
Because of its diverse clinical presentations, DIH is difficult to study in patients.  Translational 81 
experimental models offer the ability to evaluate the pathogenesis of disease in vivo and in vitro. 82 
At present there are no other alternative methods for inducing DIH that fully examine in vivo or 83 
in vitro adaptive or innate immune responses that do not include the use of animals.  Moreover, 84 
since trifluoroacetylation of S-100 or the CYP2E1 epitope does not appear to produce an irritating 85 
immunogen, and we are inducing DIH by immunization with TFA-altered proteins, these animals 86 
will not receive ether, any halogenated anesthetic, barbiturate or alcohol prior to immunization 87 
or other procedures, since these agents may alter the parameters we are studying.  Even so, we 88 



   

 
 

have decreased our mouse usage by utilizing computer simulation to confirm the binding 89 
preferences of our discovered CYP2E1 epitope 9 and have mirrored human DIH implicating female 90 
sex by demonstrating that female BALB/c mice  develop a more severe DIH 10. 91 
 92 
In spite of diverse presentations of DIH in patients and challenges in the study of clinical disease, 93 
post-translational modification of native proteins by reactive drug metabolites is an accepted key 94 
mechanism in the pathogenesis DIH that follows halogenated anesthetics 11.  Investigators also 95 
accept that CYP2E1 is a major autoantigen in this process 12, 13.  The role of interleukin (IL)-4–96 
upregulated CD4+T cells that recognize a post-translationally modified CYP2E1 and other liver 97 
proteins is an accepted initiator of anesthetic DIH by attracting neutrophils, eosinophils and mast 98 
cells into the liver 14, and this mechanism has been confirmed in many forms of DIH  15, 16. Induced 99 
FoxP3-expressing CD4+CD25+T cells (Tregs) reduce the severity of  DIH, and relative deficiencies 100 
of these cells in the spleen worsen DIH 10, 7. Thus, the majority of advances in understanding DIH 101 
have been made possible by utilizing in vivo mouse models to evaluate the genetic, metabolic 102 
and immunologic mechanisms of DIH both in vivo and in vitro.   103 
 104 
Because we and other investigators have uncovered roles for IL-4, neutrophils, and eosinophils 105 
in the initiation of DIH using different mouse models, we believe that this observation supports 106 
our contention that regardless of the DIH model utilized, hepatitis and injury are induced by IL-107 
4. The strength of our protocol lies in the utilization of in vivo methodology, both male and female 108 
mice, and repetition of histology, CD4+ T cell proliferation assays and cytokines. The strength of 109 
our use of in vitro studies is that they reduce the numbers of mice needed while they provide the 110 
methodology to isolate cellular interactions that drive DIH. We recommend the use of male and 111 
female mice because this reduces the possibility of unconscious bias in interpretation of results 112 
and strengthens the translation potential of our studies since the incidence, prevalence, and 113 
severity of DIH is higher in women 17. We recommend that mice are obtained from a single 114 
vendor; however, if this is not possible, obtain litter mate controls or wild-type mice from the 115 
same vendor as the genetically altered mice.  116 
 117 
PROTOCOL:  118 
All procedures were approved by the animal care and use committee. 119 
 120 
1. Trifluoroacetylation of Hepatic S-100 Cytosolic Proteins or a CYP2E1 epitope.   121 
 122 
NOTE: First prepare the trifluoroacetylated S100 (TFA-S100) and trifluoroacetylated CYP2E1 123 
epitope (TFA-JHDN5). Because syngeneic S100 proteins are needed for immunizations, BALB/c 124 
mice are required to produce the immunogen. The preparation yields a large amount of 125 
immunogen; so, anticipate performing this portion around four times a year. An identical method 126 
will be used to make the TFA-JHDN5. The CYP2E1 epitope (JHDN5), GII/ FNN/ GPT/ WKD/ IRR/ 127 
FSL/ TTL, can be sequenced or purchased. 128 
 129 
1.1. Isolation of the S100 fraction of the liver.  130 
 131 
1.1.1. Following sedation of 5 – 10 BALB/c mice with 40-60 mg/kg ketamine mixed with 4-6 132 



   

 
 

mg/kg xylazine, confirm proper depth of anesthetization by observing a reduction in muscle tone 133 
and response to painful stimuli, in addition to the loss of righting reflexes, and the loss of 134 
palpebral reflexes. Then, kill the 6 -8 week-old mice by cervical dislocation. 135 
 136 
1.1.2. Using microsurgical scissors, expose the intra-abdominal contents using a midline incision 137 
and make a small cut in the inferior vena cava to remove the blood.  138 
 139 
1.1.3. Place a 24-gauge angiocatheter into the portal vein and perfuse the liver 10 mL/min with 140 
40 mL of phosphate buffered saline PH 7.4 (PBS) in a water bath 4 °C. Remove and weigh the 141 
pooled livers and cut it into small 10 – 15 mm pieces. 142 
 143 
1.1.4. Add four times the weight of sucrose (250 mM) -TRIS (10 mM)- EDTA (1 mM) 144 
homogenization buffer (pH 7.4) supplemented with Complete Protease inhibitor Cocktail tablets 145 
(see table of materials) as per manufacturers recommendations. Homogenize in a 15 ml 146 
polypropylene tube, using a general laboratory tissue homogenizer on medium speed on ice until 147 
smooth. Homogenize on ice to prevent the tissue from becoming warm during homogenization.  148 
 149 
1.1.5. Centrifuge the liver homogenates at 1500 x g for 10 min and then pour off the 150 
supernatant.  Centrifuge the supernatant for 1 h at 100,000 x g.  Snap freeze the supernatant and 151 
store at -80 °C. The supernatant is cytosolic S-100. 152 
 153 
1.2. Trifluoroacetylation of S100 and JHDN5 154 
 155 
NOTE: Trifluoroacetylation of the ε-amino groups of lysine residues of S-100 will be performed 156 
according to the procedure of Satoh 18.  All portions of this experiment with the exception of the 157 
latter days of dialysis are performed in the fume hood. 158 
 159 
1.2.1. Determine the total protein concentration of the cytosolic S-100 using the bicinchoninic 160 
acid assay (BCA assay) 7. Dilute 20 mg of BALB/c mouse S100 or JHDN5 to 10 mL with dH2O in a 161 
50 mL Erlenmeyer flask.  Adjust the pH to 10 with 1N KOH. 162 
 163 
1.2.2. Add 4.7 mmole of S-ehyltrifluorothioacetate (S-ETFA), to the solution. Maintain the pH 164 
between 9.9 – 10.0 with 1N KOH by administering KOH in droplet fashion for approximately 1 h. 165 
Record total volume of KOH for each reaction. 166 
 167 
1.2.3. Transfer the solutions into separate dialysis cassettes (Do not overfill). Dialyze the 168 
cassettes for 72 h against 4 L of dH2O with three changes per day. After dialysis, record the final 169 
volume of TFA-S100 or TFA-JHDN5 and then aliquot into labeled tubes snap freeze and store at –170 
80 oC.   171 
 172 
1.2.4. An estimated concentration is determined by dividing the initial amount of S100 or JHDN5 173 
(in mg) by the final volume following dialysis (mL).  To determine the percent modification of the 174 
native protein 19, dilute 1.0 mg of each native and TFA-altered protein (if the final concentration 175 
is greater than 1.0 mg) to 1.0 mL with dH2O in separate bullet tubes and prepare a blank using 176 



   

 
 

1.0 mL dH2O.  If the concentration of the TFA-altered protein is less than 1.0 mg do not dilute.  177 
  178 
1.2.4.1. To separate wells of a 96 well plate, add 50 µl of the blank, native and altered proteins. 179 
Add 50 µl of 4% NaHCO3 followed by 50 µl of 0.1% 2,4,6-trinitrobenzene sulfonic acid to each 180 
well.  181 
 182 
1.2.4.2. Incubate the plate at 40 °C for 2 h. Following the incubation, add 50 µl of 10 % SDS to 183 
each well followed by 25 µl of 1N HCl.   184 
  185 
1.2.4.3. Read at OD of 334 nm and then record absorbance of each compound from 200 – 600 186 
nm in order to confirm the characteristic drop in absorbance at 334 nm.  Calculate the percent 187 
modification of lysine residues by TFA, using the following formula:  188 
   189 
  1 - OD of modified proteins x 100 190 
    OD of native proteins 191 
 192 
2. Immunization of mice to induce hepatitis. 193 
 194 
NOTE: DIH is modeled in BALB/c mice by immunizations with liver cytosolic proteins that have 195 
been covalently altered by trifluoracetyl chloride (TFA), a model drug-metabolite, TFA-S1006 or 196 
an epitope of CYP2E1 covalently altered by TFA (ref), TFA-JHDN5 that induces hepatitis, 197 
autoreactive T cells, and CYP2E1 autoantibodies. Mice are immunized with. Mice exhibit a splenic 198 
activation phase 2 weeks after the initial immunization and a hepatic phase by 3 weeks that is 199 
characterized by granulocytic inflammation.  Female BALB/c mice are more susceptible than 200 
males to hepatitis in this model. 201 
 202 
2.1. On day 0, immunize 6 – 8 week-old BALB/c mice subcutaneously at the base of the neck 203 
with 200 μg of TFA-S100 or 100 µg of TFA-JHDN5 emulsified in equal volumes of complete 204 
Freund’s adjuvant (CFA). On day 0, immunize the mice with 50 ng of pertussis toxin, 205 
intramuscularly in the hind leg. On day 7, immunize the mice subcutaneously at the base of the 206 
tail with either 200 μg of TFA-S100 or 100 µg of TFA-JHDN5 emulsified in equal volumes of CFA 207 
to ensure that each mouse receives two injections of the same immunogen. 208 
 209 
2.2. Determination of CD4+ T cell immune responses to whole self-proteins, epitopes of self-210 
proteins or the TFA hapten using flow cytometry 211 
 212 
2.2.1. Following sedation of mice with 40-60 mg/kg ketamine mixed with 4-6 mg/kg xylazine, 213 
confirm the proper depth of anesthesia as described in step 1.1.1 and then identify the spleen 214 
after exposing the intra-abdominal cavity using microsurgical scissors. Cut the spleen at the 215 
pedicle and place in a petri dish with PBS/2%FCS. 216 
 217 
2.2.2. Release cells using frosted glass slides and transfer to a 50 ml conical polypropylene tube. 218 
Wash with PBS/2%FCS by bringing the volume up to 50 ml and centrifuging at 335 x g using a 219 
benchtop refrigerated centrifuge. Pour off supernatant and repeat. 220 



   

 
 

 221 
2.2.3. Remove red cells using 1 ml of ACK Lysing buffer for 1 minute and bring volume up to 50 222 
ml with PBS/2% FCS.  Centrifuge at 335 x g and pour off supernatant. 223 
 224 
2.2.4. Count cells. Label cells with CFSE for 30 min on ice in the dark, as per manufacturer’s 225 
instructions. Suspend single cell suspensions into 6 well plates of 3x106 cells/mL per well in 226 
PBS/2% FCS.  227 
 228 
2.2.5. Stimulate labeled cells with either CYP2E1, JHDN5, or TFA-OVA (10 µg/mL) for 72 h at 37 229 
°C in 5% CO2, 95% air (humidified). After incubation, stain cells with CD4-APC (1:100) for 30 min 230 
on ice and analyze by flow cytometry within 3 days. 231 
   232 
2.2.6. Utilize the following gating strategy to identify CD4+CFSE+ cells: CD4+CFSE+ cells will be 233 
identified from the gated alive cells and displayed as histograms of proliferating cells. 234 
 235 
2.3. Isolation of infiltrating immune cells from immunized mice.   236 
 237 
2.3.1. To isolate infiltrating immune cells in the livers on day 14 or day 21, anesthetize the mice 238 
by intraperitoneal injection with 40-60 mg/kg ketamine mixed with 4-6 mg/kg xylazine and 239 
confirm the proper depth of anesthesia as described in step 1.1.1. After laparotomy using a 240 
midline incision made with micro surgical scissors as described in 1.1.2, cannulate the portal vein 241 
with a 25 gauge needle and then cut the inferior vena cava below the renal veins. 242 
 243 
2.3.2. Perfuse each liver with at a flow rate of 10 mL/min with 40 mL of phosphate buffered 244 
saline (PBS) in a water bath 37 oC. After perfusion, using micro surgical scissors cut the liver at 245 
the hepatic pedicle, remove the gall bladder and then cut the liver at the hilum. 246 
 247 
2.3.3. Disrupt the liver on a mesh stainless steel sieve using a 20 mL sterile syringe pestle and 248 
cold PBS. Filter the resulting cell suspension into 50 mL pre-sterilized centrifuge tubes using a 300 249 
mesh screen. Bring each suspension to 50 mL using cold PBS and then wash the suspension for 250 
10 min at 370 x g. 251 
 252 
2.3.4. Discard the supernatant and then pool each pellet by treatment into new 50 mL tubes 253 
(One tube per mouse is recommended; however if samples are pooled, 2-4 pellets/tube is 254 
recommended). Suspend pooled pellets in 45 mL Percol 35% (in PBS), and 100 IU/mL heparin. 255 
 256 
2.3.5. Spin each tube at 500 x g for 10 min at 20 oC. Discard the supernatant and suspend the 257 
pellet in 5 mL PBS and then add 1 mL of ACK lysing buffer to each pellet for 10 min on ice. 258 
 259 
2.3.6. Bring each tube to 50 mL with PBS and wash at 370 x g. Discard the supernatant and then 260 
wash the cells with PBS/2% fetal calf serum (FCS) at 370 x g. Count cells. 261 
 262 
2.3.7. Cells can be analyzed by cell type using flow cytometry.  Here is an example of how 263 
induced Foxp3+Tregs can be detected.   264 



   

 
 

 265 
2.3.7.1. Incubate 1x106 cells with FcR blocking reagent and stain with 1:100 dilutions of CD4-FITC, 266 
CD25-PE, and CD45-PerCP for 30 min on ice. Next, stain cells intracellularly with FoxP3-APC. 267 
 268 
2.3.7.2. Fix cells with 250 µL fixation buffer (see table of materials), and store at 4 oC until analyze 269 
by flow cytometry within 3 days.  270 
 271 
2.3.7.3. The following gating strategy is recommended in order to detect induced Foxp3+Tregs in 272 
single cell suspensions from liver, spleen or lymph nodes using flow cytometry: Identify live cells 273 
using Live/Dead Fixable Aqua Dead Cell stain kit. Next gate on liver cells that are CD45+ (PerCP, 274 
clone RA3-6B2), and gate CD4+ cells (FITC, cloneGK1.5) from the CD45+ gate.  From the CD4+ 275 
cells, identify the percentages of CD25+(PE, clone 7D4) and FoxP3+ (MAPC, clone 3G3) cells.  276 
 277 
2.4. Histological analysis of liver tissues for hepatitis 278 
 279 
2.4.1. On day 21, fix liver sections (5 µm thick) in 10% neutral buffered formalin and stain with 280 
Hematoxylin &Eosin. 281 
 282 
2.4.2. Determine histology scores first at low power (40X) in an average of 2 views and confirm 283 
at 64X.  The tissue sections are scored as follows: Grade 0=no inflammation or necrosis; Grade 284 
1= minor lobular inflammation with no necrosis; Grade 2= lobular inflammation involving <50% 285 
of the section; Grade 3=lobular inflammation involving ≥ 50% of the section; and Grade 286 
4=inflammation with necrosis. 287 
 288 
2.5. Determination of tissue cytokine levels in spleens and livers.  289 
 290 
2.5.1. On day 14 or day 21, homogenize liver or spleen samples (1 g) from each mouse in 1 mL 291 
of RPMI/2% FCS until smooth using a general laboratory homogenizer on medium setting.  Keep 292 
sample cold on ice. 293 
 294 
2.5.2. Centrifuge the homogenate for 15 min at 1455 x g at 4 oC using a refrigerated desktop 295 
centrifuge. Snap freeze the supernatant and store at -80°C until ready for use. Cytokine and 296 
chemokine levels can be measured with commercial ELISA kits, as per kit instructions. 297 
Standardize the levels of cytokines by converting the levels (in ml or µl) to pg/g of tissue. 298 
 299 
2.6. Detection of serum antibodies to CYP2E1, the CYP2E1 epitope JHDN5 and the TFA drug 300 
metabolite.   301 
 302 
2.6.1. On days 14 or 21, sedate mice  with 40-60 mg/kg ketamine mixed with 4-6 mg/kg xylazine. 303 
Confirm the proper depth of anesthesia as described in step 1.1.1.  Collect blood using 304 
intracardiac puncture.  305 
 306 
2.6.2. Once blood is collected, allow it to clot at room temperature. Centrifuge the blood 307 
samples at 295 x g for 20 min at room temperature, and carefully remove the sera, aliquot the 308 



   

 
 

sera and snap freeze at -20 oC.   309 
 310 
2.6.3. Apply 100 µl CYP2E1, JHDN5, or TFA-ovalbumin (OVA) test antigens (5 µg/mL in PBS) to 311 
96 well plates at for at least 18 h at 4 oC overnight. The next day, wash the plates with wash buffer 312 
(PBS/2%FCS), 2 cycles (4 washes each).  313 
 314 
2.6.4. Apply 100 µl of mouse sera (1:100) in PBS/2%FCS in triplicate on the plates and incubate 315 
at room temperature for 2 h. After 2 h wash the plates with wash buffer as described in 2.6.2. 316 
 317 
2.6.5. Add 100 µl of Alkaline phosphatase (AKP)-goat anti-mouse IgG, AKP-rat anti-mouse IgG1, 318 
or AKP-rat anti-mouse IgG2a secondary antibodies (1:1000) for2 h followed by a wash step of 1 319 
cycle with wash buffer and 1 cycle with PBS. Detect antibodies using an AKP substrate kit and 320 
measure at OD 405 nm every 15 min with a spectrophotometer.  TFA usually develops completely 321 
in 15 min while CYP2E1 and the CYP2E1 epitope can develop from 30 to 60 min  7 . 322 
 323 
2.7. Studies of the development of JHDN5 IgG-induced oxidative stress in vitro.  324 
 325 
2.7.1. Using 12 well plates, incubate 106 terminally differentiated hepatic cells per well on 326 
fibronectin-covered cover slips in 1000 µl Williams E media supplemented with glutamine and 327 
general supplement (see table of materials) at 37oC, 5% CO2, 95% humidity for 7 days as 328 
recommended to maximize CYP2E1 activity. 329 
 330 
2.7.2. Add JHDN5 IgG (1:40) or mouse IgG (1:1000) to separate wells and incubate for 2 h at 37 331 
oC, 5% CO2, 95% humidity.  Hybridoma sera was very dilute. Add deep red fluorescent antibody 332 
detector (see table of materials) for an additional 30 min to all wells. 333 
 334 
2.7.3. Wash wells 3x with 1 mL PBS in the dark. Fix cells in 3.7% formaldehyde for 10 min. 335 
Examine by confocal microscopy within 24 h. 336 
 337 
2.8. Co-localization studies of JHDN5 IgG with intracellular organelles such as mitochondria 338 
in vitro.  339 
 340 
2.8.1. To demonstrate co-localization of JHDN5 IgG with mitochondria, sparsely culture (~30% 341 
confluence) terminally differentiated hepatic cells on fibronectin-covered cover slips for 7 days 342 
in dye–free Williams’s media E supplemented as described in 2.7. 343 
 344 
2.8.2. After determining the correct absorption wavelengths, add green fluorescent, 488 nm -345 
conjugated mouse IgG or JHDN-5 (1:100) and Red fluorescent, 594-conjugated Mito-tracker Red 346 
(1:100) for 2 h (37 oC), 5% CO2, 95% humidity. 347 
 348 
2.8.3. Mount labeled fibronectin-covered cover slips with Anti-fade Reagent with DAPI, and 349 
examine by confocal microscopy. 350 
 351 
3. General protocol notes 352 



   

 
 

 353 
3.1. Utilize non-pharmaceutical grade tools when compounds are not available in a clinical use 354 
formulation.  However, obtain each of these tools from reliable commercial suppliers identified 355 
in this method. Always use chemicals that conform to specifications defined by the Committee 356 
on Analytical Reagents of the American Chemical Society of at least the reagent grade level. For 357 
our methods we utilize analytical grade level reagents whenever possible. 358 
 359 
3.2. Follow strict aseptic technique for the formulation of the TFA-altered proteins in order to 360 
prevent contamination that could adversely affect animal welfare or the interpretation of data.     361 
 362 
3.3. Store and use  non-pharmaceutical grade formulations at durations for which the 363 
formulation will remain potent, as per available technical information.  Store CFA is at room 364 
temperature, CYP2E1 and its epitopes at -20 or -80 oC. Store TFA-altered proteins at -80 oC and 365 
allowed to come to 4 oC prior to emulsification with CFA. Store  TFA altered proteins at -80 oC and 366 
store in aliquots in order to prevent repeat freeze-thaw cycles.  367 
   368 
REPRESENTATIVE RESULTS:  369 
The immunization schedule utilized to induce DIH  shown in Figure 1 represents the two 370 
immunizations required at the base of the neck (day 0) and the base of the tail (day 7).  Figure 2 371 
shows representative proliferation data obtained on day 14 using CFSE in response to CYP2E1, 372 
JHDN5, the CYP2E1 epitope and the trifluoroacetyl (TFA)  metabolite of the anesthetics.  Figure 373 
3 shows the gating strategy and representative flow cytometry analysis of induced 374 
CD4+CD25+FoxP3+ Tregs obtained on day 14. Figure 4 shows representative hematoxylin and 375 
eosin stained slides demonstrating the evolution of hepatitis on day 21 (used with permission) 6.  376 
Figure 5 shows representative hematoxylin and eosin stained slides demonstrating more severe 377 
hepatitis in female BALB/c mice when compared to males on day 21 in addition to the 378 
comparative cellular content in these livers (used with permission) 10.  Figure 6 shows 379 
representative confocal microscopy slides demonstrating the absence of co-localization of mouse 380 
IgG with mitochondria.  Figure 7 shows representative confocal microscopy demonstrating co-381 
localization of JHDN5 IgG with mitochondria.   382 
 383 
FIGURE AND TABLE LEGENDS:  384 
Figure 1: Immunization of mice to induce hepatitis. DIH can be induced in female BALB/c mice 385 
(as an example) by immunization with TFA-JHDN5 (100 µg) emulsified in complete Freund’s 386 
adjuvant (CFA) subcutaneously (s.c.) at the base of the neck and 50 ng of pertussis toxin 387 
intramuscularly (i.m.) in the hind leg on day 0 (Step 1).  On day 7, BALB/c mice can then be 388 
immunized with TFA-JHDN5 (100µg) emulsified in CFA (s.c.) at the bae of the tail. 389 
 390 
Figure 2: Determination of CD4+ T cell immune responses to whole self-proteins, epitopes of 391 
self-proteins or the TFA hapten using flow cytometry. Single cell suspensions of splenocytes 392 
from  6 – 8 week-old BALB/c  mice isolated day 14 after the initial immunization, labeled with 393 
CFSE, stimulated with TFA-OVA, CYP2E1 or JHDN5 (10 µg/mL) for 72 h at 37°C in 5% CO2, 95% air 394 
(humidified), stained with CD4-APC and analyzed by flow cytometry. Wells without antigen 395 
(media) are used as controls. BALB/c mice develop proliferation in response to OVA-TFA and 396 



   

 
 

CYP2E1 and not JHDN5, when compared to media.   397 
 398 
Figure 3: Gating strategy for the identification of CD4+CD25+FoxP3+ induced Tregs using the 399 
method described in 2.5.16.  The first gate identifies live cells. To detect immune cells, CD45+ 400 
cells are initially gated.  Next, CD4+ T cells are identified and gated, followed by identification of 401 
CD25+FoxP3+ cells within the CD4+ T cell population. 402 
 403 
Figure 4: Histological analysis of liver tissues for hepatitis.  CFA-immunized mice (top panel) are 404 
used as vehicle controls.  S100-immunized mice (middle panel) are evaluated following 405 
immunizations on the same schedule. On day 21 mice are euthanized and the liver fixed in 406 
formalin.  Sections 5 microns thick can be made and stained with hematoxylin and eosin (H & E).  407 
Minimal hepatic inflammation (blue cells) is demonstrated following CFA (top) and S100 (middle) 408 
immunizations and large amounts of inflammation following immunizations with TFA-S100. 409 
(H&E, magnification 64×) (Used with permission Njoku et al., 2005 6) 410 
 411 
Figure 5: Female BALB/c mice develop more DIH when compared to male BALB/c mice.  412 
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0061186: Figure 1. Female 413 
BALB/c mice develop more severe experimental anesthetic DILI than do males. (A) Female mice 414 
(n = 8) had significantly more severe hepatitis 3 weeks after TFA-S100/CFA immunizations than 415 
did males (n = 7/group). (B) Representative liver sections from female and male mice (H&E, 416 
magnification 64×). (C) Numbers of hepatic CD4+, CD8+, NK+, and NKT+ cells were significantly 417 
higher in females than in males. mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. (Used with 418 
permission 10) 419 
 420 
Figure 6: Mouse IgG does not co-localize with mitochondria. Confocal image of terminally 421 
differentiated hepatic cells stained with green fluorescent (488nm) -labeled mouse IgG (1:100) 422 
(green) in addition to red fluorescent (594)–-labeled Mitotracker Red (1:100). Green fluorescent 423 
(488nm)–labeled Mouse IgG does not co-localize with Mito-tracker Red (63X magnification). 424 
 425 
Figure 7: JHDN5 IgG co-localizes with mitochondria. Confocal image of terminally differentiated 426 
hepatic progenitor cells stained with green fluorescent (488)–- labeled JHDN-5 IgG (1:100) in 427 
addition to red fluorescent (594)–-labeled Mitotracker Red (1:100). Green fluorescent (488nm)–428 
labeled JHDN-5 IgG co-localizes with Mito-tracker Red, demonstrated by the yellow hue on the 429 
representative image (63X Magnification). 430 
 431 
DISCUSSION:  432 
The strength of this protocol rests in its reproducibility; so, it is critical to adhere to the suggested 433 
steps.  Formulation of the immunogen can be a barrier for some; however, we have reproduced 434 
our model using the epitope described in our document, which removes the need to isolate the 435 
S100 fraction of the liver. It is likely that additional epitopes or proteins can be altered and induce 436 
hepatitis following immunizations; however, we describe those proteins that we have used with 437 
reliable results. Several proteins have been demonstrated to be trifluoroacetylated upon 438 
halogenated anesthetic exposure. Most likely due to epitope spreading, some of these proteins 439 
are also target of autoantibodies in their native, non-trifluoroacetylated state. As an example, 440 



   

 
 

the E2 subunit of the pyruvate dehydrogenase complex (PDH-E2) carries epitopes (the lipoic acid 441 
prosthetic group) with a structural similarity to the TFA-moiety in TFA-adducts. Antibodies 442 
generated in patients with halothane hepatitis have been demonstrated to be cross-reactive to 443 
TFA-proteins and PDH-E2 20.21 444 
 445 
Our DIH model requires two immunizations that are emulsified in CFA along the back of the mice.  446 
We know that footpad injections with CFA have been associated with pain and distress in the 447 
mouse.  Hence the development of the experimental DIH model included several experimental 448 
trials.  When we evaluated the model using one immunization using CFA with the second 449 
immunization with incomplete Freund’s adjuvant (IFA) or IFA in both injections with our 450 
immunogen, hepatic inflammation did not develop.  In sharp contrast, when we immunized the 451 
mice with the immunogen using two immunizations with CFA, significant hepatic inflammation 452 
was present.  The original description of another model of autoimmune hepatitis included studies 453 
similar to ours and required two immunizations with CFA in order to demonstrate significant 454 
hepatic inflammation 8. Even so, we continuously re-evaluate adjuvants using literature searches 455 
to attempt to optimize inflammation without CFA.  As an example, there is a well-known adjuvant 456 
Titer Max that would augment B cell responses; however, although antibodies are a component 457 
of DIH, we and others have demonstrated a critical role for T cell responses in our model 14.   458 
 459 
The development of reliable models facilitates investigations of the pathogenesis of DIH.  We 460 
demonstrate that liver histology and immune cells can be reliably evaluated at various stages in 461 
this model. We demonstrate identification of antigen-specific T cells, serum antibodies and tissue 462 
cytokines that can be utilized to study the development of DIH.  We demonstrate methods for 463 
isolating cells from the inflamed liver and suggest the use of heparin.  However, we have 464 
performed this technique without heparin and the results were indistinguishable.  Additionally, 465 
current methods of tissue disruption may also release cells from the liver. 466 
 467 
Recently, we have utilized modern tools such next gen sequencing and quantitative PCR and have 468 
experienced reproducible results. We have published results regarding DIH using IL-4, IL-4 469 
receptor, IL-6, IL-6 receptor IL-33 and ST2 deficient mice that were all derived on a BALB/c 470 
background so that we can utilize the BALB/c mouse as our control mouse.   Future applications 471 
of this model of DIH will include development of knock in mice in addition to the utilization of 472 
CRISPR technology in order uncover previously unrecognized mechanisms responsible for the 473 
pathogenesis of DIH. 474 
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